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I'robl m s  of rescmch nnd develapnent managers danand 
n mclna~mcnt laborntory for the dosign and t e s t h g  of 
ncv~ pol4cictn, 
hnmd 011 t h e  cmcepte nvJ methodo3 o!:y of Industrial 
I?yiinmico nnd an a ncn nystmns frainmmrk for represent- 
dnr: pty),l~ot. l i f e  cyc1.c~. Tlic basen Cor a behavioral 
m r d P 1  of F1 m d  D projoct-n nre preawtod, 08 are 8ane 
rwulta or %he cmnpu2w ofinulation o tudh3  of the 
mdol .  Conclusiono drnwn f m  them investigations 
ooggeet the hporf;Rnce o f  riak-taking and Integrity 
of R md D orpnizationn, and aleo indicate aevoral 
nrcas i n  which government procurement pol ioies  eeem 
self-defeating. 

" h h  loborntory nppronah is now possible 

G I/ 
Tho m a J m  probl.eme facing rcwRrch and dnvclopment managem demand 

for exomplc, studh3 of waapon 
I .  

thnt, ,the rntloa of final coeta 

n new approach t o  the design of s t t w t u r e  and polioiee of remarch and 

dovf?lapmont orgnnlmticma, Them problema are manifested in the poor 

porf'ormoncc? indice.tt of R and D projmts. With regard to projcct costs, 

oystmm' and space projeota have s h m  

to their earlieot est imatee indicate growth 

parcrnt during the project l iven. 

2 

A l a n g  

with them ahmYfec in costs hnvo gone slippageo in project ochcdules. A 

RAND study of aircmft engine pro??i.wements fdund scheduleo to  be delayed 

' A .  W. Mnmhnll and \V. 11. Meckling, "Prediatability of  the Cost, 
Tirne and Succens of Jkvelopmanttl, nhND Corporation Rnport , P-1021 (Docem- 
bor 11, 19$9), p. 22; M, J. Peck and P. M. Schcrnr, 
$&QU=$?~.: &I, ~ c m ~ n ~ i . . .  (Doston: Hamard Univeroity, Oraduatr, 
School. of Rug J.noas Adminietmtim, 1%2), p. 429 . 

\Vveoponr; &quW.-  

PTlirmna W. Finch, "Factom that Infltience Chmgea in Coot ~d 
The  Scheilal.en of Rcseamh and Devslopicnt Contractaft (unpubliohed Master 
of Solence .thesis, M.I.T. School. of Jndustrial Management, June, 1962), 
PIP. 404a* 
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R)I tfmcn major reduotione i r c  performnnce opecif icatiorin have been ntcrlcd 

t,rT petmJ-t on-tlmc or within.hudent project canpletdons, 

of ovcr-t-11 R P Y I ~  D effect1vF'neuo R ~ Q O  appear i n  the rapld obnolescenc,e 

of' new pi-tducta, in pnrtIcu1Rr our military weapon &yetem, and in the 

hlch f ~ j l v r e  mtc, of reaenrclh and devclopwt  affortcr, A management nurvcy 

These low jnrltona 

of over t m ~  hmlrcd mnjor cmponiee shmed that two-third8 of the ir  nqw 

product R t t q t n  f d l ,  while only one out of eight i e  mcceesful In the 

chnmlml. InduotiTy, 4 

The ncnAR for 11 lgher m n t i y w i n l  effect  1 voness that neem irlharent In 

t, ho pro111 m a  cited are expand nr! rapidly. The basic problemne hove rcnin j ned 

*inrJolveA, while  the substance c.f  rcnearch srid development hao greatly in-  

croancd in omrlplt.xi.ty. Thie hwgeoning product cmplcxity i o  shown, for 

~xnmplcl, In the number of elwlronic parto w e d  in three succeeding t lgw-  

erntjCmrP of aircraft. In 19'2 the B-47 contained less than twcnty Lhou- 

twml electronjc cmpments. 

t,housntid. 

nf-nety-five thounand parts.' Titus, in h!68 .khan ten yenro, the nimber 

Four years la ter  the B-52 required f i f t y  

And af ter  another fcriir yeam, tho 1960 B-38 utilized about 

7 
-'tlurtorl Klein and Will :to.m Meckling, tlApplicat,isris of Opcratdonn 

Ilcncnroh to Developnent Doc ioionrrl', Qperat ion& Beeearch (Maydune, 1938), 
pp. 359-3m. 
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c ~ ~ ~ - i t d l  t,ww rim uhwt iry l  oky.-Iiigh 

renrlhlrig fi t,oWi. nnnunl rate of abcrcrl, oixtesn billion dol.lara olurlng tho 

current ycnr mid still rapidly accelwnting, 

makee more urgent the  need for eoluttons t o  the underlying problem8 of 

the resenmh nnd development induotry. 

drmmstrnt,.h of thiR importance, 

This broadened eponding 

The Need for n Ncw A p p m c h  

k r o  grmh difflccilty in meeting the expanded demands is thnt the old 

opprvncherr to R and 1, have not given better underntanding of thp policy 

napcats of t h ~  buslnww. In genernb, the few improvemcrnts which have been 

medcl hnve bten Ilrnilwl to smesrha-t mwhaniotic npproncheo to budfp t ing  and 

ochcdn1in.g. 

Annlyeia R e m  destined to ccrmnand ever1 more fittenbion and finnncfal RUP- 

port 

one n1iou’l.d I T V O ~ Y L L Z Q  t h w t  even if aucoessful, they deal only with such 

thjnfin &R tho hases for ncliedules and reporto, 1Wy da not treat; such - 

Eundnwntrrl ~!(~vcrnrnent, crmeiderationf3 nu funding policies, prof it, rates 

A t  the  ccntpany level, devlces such an PERT and Functvional 

Witliolit quest irrtiing the yet unproven effcctivoneas of  thcrre toola, 

t,o hn ~1. lawc.d on ccmtre&, perfonnclncc inccntivoa, atc .  Nor do thcy 

vttnck v i ln l .  crrirprrny pal icy questionn wearding rhk-taking, bidding in- 
I 

tegrJ ty, p r n J w  t stnffjng,  proposal strntegy, resoume allocation to 

varimtn I;cchnologies or t o  funded vercw unfunded work areae. 

‘/he demands for deafening and experimenting with new policfes and f , 
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organizational forms h r e 8 e Q ~ ~ h  and development thus aannot be met by 

merely having moly? of what h a  taken place until now. Further techmiquo 

development alone w i l l  not eolve underlying problems which stern fmn lack 

of rnanogerial understanding. The p i t f a l l s  t o  finding t h e  needed under- 

standing l i e  within the mode of R and D organization i t ee l f ,  i n  managerial 

attitudes, and i n  the lack of affective.management research i n  industry 

and university alike. 6 

Furthennore, requirementa fo r  solving R and D problems arising out 

of mistaken policies are of o. different nature fmm those which have been 

p 

needed in the past. For example, a new technique, l i k e  PERT, may be at 

leas t  partly tested on one or more projects by being operated i n  parallel 

with stme other method of data collection, analysis, or pmoentation. 

Results can be observed and capered, and judgments made as t o  t h e  effec- 

tiveness of the new method. 

f icul t  t o  attempt through parallel  schemes. 

which tradit ionally r i sk8  very l i t t l e  of its own funds prior t o  custaner 

contractual'suIrport cannot, on a single project, eimultaneously test the  

B u t  policy experimentation is far more d i f -  . 
For instance, t h e  company 

effect of a policy based on the usual aesumption of high risks. The can- 

/ x pany which,usually attempts t o  underbid i t a  campetition cannot at the 

. 88me t h e  on'the same project experiment with R changed bidding strategy. 

Similarly, when differences in  managerial polioies are the bases of 

experimentation, trying two approaches on two different projects does not 

6 

6 For a discussion of the reasons behind the generally poor 
conceptual understanding of R and D problems, see the author's a r t ic le :  
"Tmard a New Theory for Research and Development", Industrial  Manwment 
Review, Fall, 1962. 

0' 
. 
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work. 

aoliclunive; ~coond ,  it i o  BIWCLY riot prounnivo within or without thn 

orfltxnizrrtlon; nncl thjxd, euah an approach le subject to a l l  the diff ioul-  

t j c e  ariqIng fmm lack of ompnrnbility of the task or otaff eituatione. 

Jn the firat plana, rwch exprimcntnl. design i o  s tat iat ica l ly  in- 

. 
I - -  

T)nm no nnw paltcy would ?)e nrlopted and implemented solely as a result of 

such unconvincing trial-s. Frrhape even more difficult i e  that neither 

the government cuetaner nor t.)v ccmpany manngar of rescclrch and devalop- 

ment f m l n  justified ineencournging experiments in managorial policy in 

CI lab or on B project in bhich he is interested or involved. 

quanom of poltoy c h ~ e  are potentially too great. 

The aonse- 

- E t  i e  thiR potent3.al irnpwt of revised H and D policies which nccen- 

oltntca t h e  development of a cNnrknl>le approach t o  the design and teotliy: 

of new mnnngerlnl ideao. 

opment, new deo.i.gns have been developed and teeted h engineering or 

I ? In the technical c!npects of rctoearch and devel- 

sc ient i f ic  laboratories. Wind tunnels, Bhip-towing tankn, scale rnodel.n, 

p i lo t  plnnts, analog and digitnl. simulators have a l l  been used to aheck 

pl.ans and ideaa for flflws before any miatake could psoducs serioua con- 

eequenceo. The succes8 of them approaches to product pre-test i s  dm- 

rmtmled by their  increaoed u t i l imt ion  in n l l  engineering f i e l d o .  The 

i concept of. R manngcment laboratory as a meonr? for hclping in the deaign 

and dotom4nstion of R and D policy thus eema a logical next step. 

T ouggest Ihnt the daveloprnento of the past f i v e  years, based largely on 

Here 

't .I-- 
i 

7 trnl.fying prjnciplss of Induetrial Dynamic8 nnd on sane nevu derivative 
I --- 
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8 conccptn rcgnnling the nature of research and developent , have made 

poooible t h h  new approach. 

The Framework for a New Approach 

To erect a new building, one needs a plan, the tools  and materials, 

and sane skil led a r t i sma to  carry through the construction. 

go- faohicm, the development of a manqpnent policy laboratory for R and 

D requires 8 conceptual framework, toolo end materials f o r  filling in the 

frame, and able and interested R and D managers and management researchers 

t o  oarry on the required effort. 

In an analo- 

The basis for a plan of attack has been provided by the Industrial 

Dynnmice research program, started at  the M.I.T. School of Industrial 

Management by Prvfeaoor Jay W. Forrester six yeors ago. 

namics emphasizes the inf?omation-feedback characteristics of all indus- 

trial and eccmomic ac t iv i t ies  and studiea tho meam by which tlorganiznt.ion 

structure, amplifictition (in policies), and time delays ( in  decision!: and  

actions) interact t o  influence the success of an enterprise.. . . 
qumit it at  l ve  rrnd experimental tipproach for rqlat ing organizational st ruc - 
t u re  arid corporate policy t o  induatrial growth and s tab i l i ty , t t  The pro- 

gram is based an the belief that top-level management problems are mo.r;t 

approprlately viewed frcm a framework of the dynamic system in which t h e  

the-varying interactions of the induntrial (or governmental) organization 

Industrial Dy- 

It iB Q 

9 

%dword B. Roberts, "The Dynamlco of Research and Developmenttt 
, (unpublJ.shcd Ph.D. dissertation, M.I.T. Department of Econmics, 1962) 

'Forrester, p. 13. 
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t i f f )  m3nifcnt,ed. 

or~~!nt~d to e!ther the functionnl or the depnrtmental components of a 

hunftieon. Rather it t r ea t s  the titiderlying baaic flows of men, money, 

mntwial.8, nrdere, m d  capital eqiilpment, and the  information flows and 

d m ~ d m 1 - m k 1 n g  network which tie the athers tqether ,  The philosophy 

and mcthorlo1ry:y of T n d u n t r i ~ l .  DynPnrjco are ao npplicnble t o  the single 

p?moJect on t h y  nre t o  the nationnl. econany, a# suitable fo r  studying 

elq!nl.ftontit problem of production-c~€s~ributiol~ syatems and factory man- 

ngmncnt 80 for inved,ignting tho nrms of product and corporate g m t h .  

Thus an Industrinl Dynamics ormlysis is n d  expl ic i t ly  

10 

Whnt, i n  needed ao a first step -In each Iridustrial Dynamics study i e  

n tipvcif IC ciynnmic theory of cause-ond-effect interaction which cncanpnescs 

t h n  problm of interest. Such nn hypothesis is now available for deocrib- 

ling t.he I i f o  cycles of' reeemch and development, projects. A research and 

dcvolopmrnt project conoists of R set  of underlying ac t iv i t ies  which con- 

t incioialy intwact t o  produce the project hiotovy. The resulting actions 

oontinuouuly feed back upon t ho  other decision mea8 of the project t o  

induce still. further charyes, All n and D projects contain t h e  alosed- 

0 

loop systeni of activit ies pictured i n  Figure 1 nnd described helm. 

1. The world situation i o  continuousJy chnnging with regard 

t o  tho need f o r  new p1'03ucts (military, industrinl, and 

consumer) and t he  technological capabili t ies for obtaining 

them. These changing fac-l;ors can be taken 8s inputs t o  nny 

project system under consideration, 

par t  icularly Chapt or8 15-19 e 
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Chnnging World 
of the Job 

.. 
Perception of Need 

Estimate ~~ of' Product / P r q T p m , j e c t  \sources 
v for t h e  Product and People and Other 8. 

cust mer 9 8 Estimation - Firm's Investment of 
of Effort Carrml.tment 

Est h a t  ion of Cost 

. 

2. 

I 3 .  

4. 

5 .  

Figure 1. Dynamic System Underlying 
Project Life Cycles 

Potential custaners of new products and firms i n  the  busincss 

of developing them are continuously engaged (consciously or 

unconscimsly) in ac t iv i t ies  aimed at perceiving the need 

f o r  and potential market value of ne# products. 

A l o n g  with these value-perception act ivi t ies ,  the custaner 

and the firm both consider the technological feas ib i l i ty  of 

the product development effort, and estimate the manpower, 

materials, fac i l i t i es ,  and equipment needed. 

Based on th is  effort estimate, the custmer and/or the f inn 

attempt t o  judge the  t o t a l  cost of the  pmgram. 

The f inn now has two paral le l  alternatives. 

, 

a. Firs t ,  it can submit t o  the custaner a request 

for financial support. The custaner evaluates 



-10 - 

i 

t h i s  reqrtwt. by canparing the eothnted product 

worth w€th tho estimated cost t o  c q l . o t e  the 

project. If he reaats favorably to thn finn'e 

request, t h p  custansr will c m i t  funds t o  the 

project c.ft.er a long clel.ry(. 

In its altenrctto path of. hcticm, the firm investo h. 

i t a  mn monry in tho project. 

volvea risk, oince the finn ccnmits its own funds  

before the cuetcmer makea such a oomnitmcnt. 

Either or both of these IpRrallel paths provide8 

money to  the project. 

Thia decision in- 

6. As thc! project group obtains fundo, it bcgino to hire or 

mn,ss.l~n eqinecrs and nupporting mnnpcmor. 

'f. Tlieao employees accanpL3oh progresa on the Job. Their rata 

of accmplI.shment ref lects ,  among other factors, the ma@- 

tude of tho manpower ef fo r t ,  the technolugiool stnte of the 

art, mniingerial influences an productivity, eng.fmnriry ex- 

perienccr an the projectl, and incffiaiencieo due t o  organi- 

zational growth. 

8. noth tho cuotcmer and tlie finn contJ.nuausly a t t q t  to as- 

atms tho progress. They evaluate the state of job omplction 

by canparlng their current interpretationo of the results 

~accmpliohed to data with their current perceptiono of the 

cnd resultto desired . 
i 

i Q  
I .  

9. Continuing progreso evaluation creates new estimates of work 

yet t o  be dane on tho pmjeut, which feed back into the 
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c3.orrcd-loop p m w n  already described Now evaluationn are 

cai~Einuoua1.y behi!  made by the film, a8 to i t e  appropriate 

lnventmcnt rate I n  the project, and by the custaner, ao t o  

posotble rnodif icnl~m~ of tho projeat progrmming and aup- 

port. 

. 

T h l s  wntinuing cycle of O P !  ivities tdvw pl.ace thimtghout every 

iwo,jact l l f p ,  leading in eauh cme to cventunl oanpletlon of the job or 

to canacl.7nt~Cm at  sane point prior to ful l  cmplet3,on. Ahjor bvento may 

t n k s  place at  vnrioue intervalo flcatdered throughout a projaot l i f e ,  and 

ehnncwl est Cnintes m d  emluatiorirt mny forma1J.y appcnr only in periodic 

m p r t e .  

t.nka p1,nco cm%fniiaualy in the mpnner desoribwl. 

within t1iI.n dynamic eystem cmtnSn *tho poss ib i l i t ies  of producing the 

full  rsryp? of' observed R and D prqject life h€flrtorieo: 

But the fncsernents, of progress and chnnge, real nnd oboemred, 

The act iv i t ies  included 

on-the or la te  

cmplet  €m, ciistcmer stretch-out, or accelerat Jan of the project schedulo, 

nnl,inCRct,ory performance or job cancellation can a l l  result frm the syslxfn 

in twno t?.onn, 

. l ien thcm, nt:e obsorvnble not only in government rqeearch and developnent 

Moreover, thew various results, and the nyotem which under- 

pi.m,]eata, \nit9 also in  cmero ia l  new produczt development programs. Thus 

-til@ Aynainir? syotcm otructure shown in Figure 1 can be applied to h v e e t i -  

fy\tton of' mnncqerial policiee in a l l  forms of R and D, 

The Tools for Progress 

With .the frnmmtork provided almvo, we are now ready to  apedfy  the 

mctliode nnd mrlteriale t o  be used i n  doveloping our R and D management 

labomtory, For such Q 1abora.tox-y we niu8-t be able to represent effect ively 
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the msearch md development oqanizationa and have the f ac i l i t y  of ex- 

perimentally modifying the represented structure and policies. The In- 

dus.tria1 Dynamics program haa developed the methods needed here. 

teahnfques for drawing flow diagrma and writing equations which describe 

Its . 
oqanizaticrmal systems can be applied not cmly t o  studies of fluctuwting 

behavior in  manufacturing-oriented businesses, but can also be uoed t o  

hvestfgate evolving and ever-chmging R and D organizations. The d i f f i -  

cu l t ies  in applying the  methods t o  research and developnent ar ise  fran 

our more hazy underotandinge of what is taking place i n  an R and D or- 

g m i z a t i a  and fran the  less tangible variables which we must t rea t .  c .  But 

it is still possible t o  represent pictorially the effect of optimism on 

cost estimates, or the effect of risk-taking propensity on project invest- 

ment deCi8i0118, 

inventory stocks t o  a reorder decision. 

0 the same mmer that we can show the relationship of 

The equations for  such represen- 

tatiuns are similarly feasible. These flow diagrammhg and equation- 

writing techniques. w i l l  therefore permit representation of the  R and D 

problems. 

Once represented, such syslems' require study by alteration of param- 

e te rs  and policies i n  search of both understanding and more effective 

managenent approaches. Here, too, the Industrial Dynamics research pro- 

gram ha8 provided the needed tools through the  DYNAMO d ig i ta l  canputer 

sbuln t ion  system.u D Y N M  is an autmatio canpiler and simulator for 

the IBM 704, 709, and 7090 canputere which makes easy and inexpensive the 

multiple ahnulation runs that are required. The canputer eystem,pemits 

"Alexander L. Pugh 111, DyNA)I%z &wgg m u a t  (Cambridge: The 
M.I.T. Press, 1.961). 
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valua.ble payoff by making the f eedbrrck of theory-t est -reeult 8 -theory more 

h e d i a t e l y  available, thus allowing redesign of hypotheses and gradual 

ayntheeia of the fincliqs. 

f o r  otudica of production-distributicm systems but €8 readily applicable 

t o  all continuouo dynamic system problemo. 

The DYNAMO canputer program was h i t i a l l y  ueed 

Tho third contributing banis for proereso in a research and develop- 

ment management laboratory ie not e result of Induetrial Dynamics work. 

Rather it ia t h e  bbdy of knmledge and unders.tanding8 of parts of the R 

and D system, which hml.edge is repreoented i n  the published l i t w a t u r e  

and even more so i n  the minds of R and D managers. The l i t e ra ture  gener- 

ally refers only to  the how-huw on individual segments of t h e  broad 

picture, but when the individual pieces are meaningfully treated, they 

supply potential for eystem integration, The experiences of the managers 

relate not only to the pieces separately, but t o  the i r  interrelaticaships 

as w e l l .  This potential guidance is available f o r  collecting material. on 

the  subotance of research and development management problems and f o r  

ansmbling the material an the framework discussed earlier.  

Need for Mmnaement. Emarimenters 

We i n i t i a l l y  suggested that t o  carrJt out a management laboratory 

approach t o  the  design of more effective R and D policies, three elements 

would be needed: 

and the craftmen t o  carry out the job. The first two elements are now 

available -- only the people are lacking in number. But several R and D 

manogers have already begun preparing themselves for th ia  new managerial 

role. Several members of the  M.I.T. School of Industrial Management'o 

a framework, the tools and materials t o  put on the  frme, 

I 



12 tory npprclnch. Aa pnrt of their t h e o t n  reacarch progrmns, theno tnma- 

q*ro, on me-ymr leuveo nf absence frcm their organizations, hnvo examined 

projwt armqgmcmnt prob1m.i ns well as anpects of R rind D re8oume allo- 

c a t  ion, mnnntfcmwt, of pi-orlwt -line diversification for corporate growth, 

ond coqiornte Zsval. probl c w  with decentralized laboratories, 

ommh-rn i n  t h w e  b i m n  h v c !  oane fran r~oponeib1.e mmngernent poeil,ions 

i n  a ~ h  componjen RR RCA, B w i n g ,  I@d, Hughe~t, and  Chryslor, 88 well cia 

The rb- 

. 

government agencieo weh 80 the Air Force mid tho Novy. f rcm 

L 

4 

vcn t 

t 

titelvcn oftm idc?,ally s~:ttt?tl In undertoke this work. 

i .ni  ~mc~rr:rounr~n with nervcm-1irinJ.r;mo, C I I ~ J W I C ~ I .  proceno coritrolls, or CVI.CC- 

Lr0rrJ.c infonnnt,i~-feedhnck nyn Lms through which they have devclqwd 

wtrong intuitive g,raspa of t h  nature of a y ~ t a n  behavior end of prinoiplea 

of syo kcin!, rteoiKn. Mnny have cnrrl-ed out njJnulation ntitdioo with phyrjicnl 

Ryntemn nrid ero mvam of the Insights to be gained fran carefully thoiighL- 

out nnd exocuteil moclcl olrniilr\tion*. And, most important, na managers 

thwe men hnve tackl.cd m d  l ~ n ~ ~ r ~  confounded by the aanplexitiee of R cnd 

Mntiy hnve engineer- 1 
I 

i , -  ' 
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prrqwrly, 1.he Improved R nnd D pollcleo can produce payoff8 thnt dwarf 

thc rcturtin frcm nny product innovntkm. 

To dcrnvmtrtxte how tho propooc?tl laboratory npproach might work, we 

s h n l l  consider D sat of specific hyp-rtheaes to the i n i t i a l  dynm-lc syntcmQ . 

frcmwork (pictured fn Figure l), ntid fran them develop o policy-oriented 

model for ntwlying project managmerit; problems. 

roal .1~  h p w t n n t  whptlier or nut ench hypothooh 1s canpletctly validated 

At t h i s  point it is not 

by data collclction nnrl analyais. 

mtght be offered, bawd upon 8 particiilar oet  of canrpnny R and D experi- 

cjncc"8 or orlentcd t o  t,he study of 8 f v x i f i c  policy area. What i o  impor- 

tnnt i n  thnt each hyp-thea3.6 be plnuqtble, that the set  appear rool ist io ,  

and that  R nrpl D ninnnryro be willtng to accopt the whole model nn reomn- 

Alternatives to  any one of the hypothenes 

~b1.y reprcners,tntIve of eane R nnd D sJt,uationo, if not of thcl.r mm COSBU. 

When t h i a  i f J  occanpliohed, then the gciieral usefulness of the laboratory 

need on1.y t o  change the model t o  be desariptive of i t e  own expor*~.encee 

and problma 
1 

The nsnumptione which follow 8pn3.3. out t h e  relQtj.onShipt3 within each 

fJ.m path of the FQurc 1 eystem as well ae the interconnections o m o q  

them pathe. The hypottieaes are based on generalieations derived fran 
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the literature, personrkl experience in research and develaparent organize- 

tione, and d.iscunaions wftb many R and D mmagere in h d u s t r y  apd govern- 

ment over a four-year period pf model evol.ution. 
I 

I 
I 

j 
I 

The Changing YlorlB Situation 

D o  underlying factors provide the dynamic context w i t h i n  which every 

rosearch and development project is carried out. They are the baoes for 

the'value and cost of the product dcvelopnent effort. The first of these 

i o  the intrineia product value, the m a l  usefulnasa of a potential product 

at any point in time, whether recognized or not. The underlying useful- 

new of any particular product varies over time, Prior to acme point in 

time them is  l i t t le  or no need for  a product. This need m a y  increase, 

i n  the military product market, for example, as world tensions in 8 given 

area Increme, and later decrease a8 the product's usefulness begins to 

diminish. The need for a product is illustrated by a o w e  of the type 

shwn in Figure 2. 

mature value, folluwed by the decline into obsolescence, is charaoteristio 

of all product l i fe  c p l e s ,  and reflects the ,changing wozld 8ituatS.m. 

The gradual r i se ,  the period of rela~ively'unchanging 

rNTRxNS1c 
PRODUCT VALUE 

... . 

b 

Figure 2. The-Path of the Underlyhg Need for a Product 
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The aecmd factor which underlien all projhcte is the changing re- 

qu~mon. t  of project effort. Thf? intrinqia a i m  of the job, i.e., *the 

scope and camplexity of the product design and development task, m a y  re- 

main unohenged, but the potential effectiveness of the engineer0 working 

on the project chaqeo ae the technological state of the art advances. 

Figure 3 ~llustmte8 two hypothetical curve6 of technological growth. 

Each correoponds to Q different changhg world~situation of the knav-how 

that i o  available for application to  an engineering effort.  With the 

added know-how cmos inareased technical effectiveness and hence decreased 

oost of the effort, 

TECHiNOUX;ICAf, 
EFF'XCTIVENESS 4 

A 
! 

I . 
5 TIME 

b 

Figure 3. Ccnnparative Curves of Technological Growth. 

Taking hotIi of the basic inputa into acoount, we can easily recognize 

tha importance of the value-cost relationship in  R and D. Figure 4 pro- 

sent6 the l.rnplicaticms of the two ooncepts. A job undertaken too soon 

will got canpleted at 8 oost which is excessive for the value derivable 

frcni t he  product. Too late a cmpletion leads t o  tho aame problem. But 
I 

a real source of managerial diffioulty in R and D is that neither of the 

two a w e s  pic.tured in Figure 4 gg be known by the manager, nor can the 

1 
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PRODUCT VALUE 
AND GCHT OFTIWM 

PROJECT C(IST 

INTRINSIC 

TIME 
Figure 4. The Relationship of Product Value to Cost  

opthum cost be RttQbed.  Tho manager in both induetry and government c a i  

only gstjmate the value and cosb situations, and 88 pointed out earlier, 

his performmce is not very good in either area. But t h i s  brings us to 

sthe eeoand link ltn the R and D system. 

PeraeptIon of Product Value L 

The in i t ia l  organizational behavior aspect to consider i a  the recog- 

ni t ion  of the need for aed value of a potential I produot. 

ccmpanies at least a few engineers or scientists  are engaged in activit ian 

In a l l  R and D 

, 

t o  dewlap new product opportunities. The people who conduct those studico 

may be part of EL research laboratory, an advanced projects group, or D 

prelirnlnlsry design section, or they mny just be regular members of the 

engineering tern  looking in20 the extensions of sane product ideas beyond 

tho current contracted projects. These act iv i t ies  result in iqdghts 

nhich aj&l the ,. perception . . .  . of the need for and . .  value of a potential produqt. 

The recognition of produot value is thw prhorily influenced by the 
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developing toahnicaf. knm-how of the orgmieation, 

But dcoisfans on R an8 D project8 are not baood on the bolievcd 

Wrrcnk value of the produot, forthe product l e  only 8 potential one 

and docs not proeently exlet in the deeired fann. Ee%imates are necceeary 

of the f u t u a  value of the product tat smo fSme by which the organi.tation 

b @ l % O V @ 8  tho product o m  be Beveloped. The estimate is therefore influ- 

enced by the Organi l la . tbn '8  willingnee8 t o  aocopt risk by cunmitting it- 

oelf to uroertain futuro po8oibilities. A fm firms base their  research 

programs an AemanBs whicrh they expect ten yeare in  the future; others am 

afraid to llventure beyund their front pasturesl~. 

Estimation of Effort and Cost 

Considorbtiam of researoh and developnent undertaklngo are i n  part 

based on as thates  of the effort which 18 going t o  be roquired t o  get tha 

job accanpliahed. This effort estimate In turn rapresents the canbination 

of an estimate of the job size and cmplexity with tho orylanizationva 

estimate of the tochnlcal affeotiveness of the angineers who will be 

performing tho work." Ear4 ostjmatas of the mope of the job are influ- 

enoed by three factore: 

exporienco of the organisation to the current prajcrct'a intrinsic s i ze ;  

(2) tho gonoral tondency.to midoreathate the job size; and (3) the over- 

all managerial and tcohnical capability of the organization, whioh affects 

. .  

(1) the relationship of the provious Job-cjlze 

thh degree of error in the eslimates. Ravisiana of the job size estimatee 
I 

during the proJect l i fe  stan principally from reaocfnitlon that the work 

i s  not progreseing according t o  sahedule. 

The early e@Wiattes by either custcmer or firm of the relevant 
1 

1 
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t echnianl f f ect Ivm 8 of th 

thism ard oonfidcnct, in the finn'a engineam, the recent recognized atate 

o f  the aft, and tho organizntiun'8 ability.  The ostimateo of affeotiva- 

nom are reviood during the projaat in response to both realizad and an- 

Sioipoted further teahnologicR3. dam~apnento, and by gradual oorrectim 

of e m s  in the earlier @6tht@ob 

The aoat eatbates  as^ r e a d i l y  derived fran the effort eetimates by 

applying ae multiplier M eetimeted mthly aoet of support for each en= 

gineering mm-mnth of work believed required, 

Requeot for Custanor Support 

During the early part of the project, the f h  seeks custmer sq~port  

of i t 8  a r n t  r e a e k h  activities in the project area. But a8 the firm 

begins t o  feel that a larger-wale undertaking ie warranted, it will re- 

quost funds for a full development projcat. This feeling of timelineos 

m a y  result fkan tho oustgl~er~8 request for praponala on the project, or 

it may stem f m  the finn's m opinion that the cost-valuo relatianship 

df the project w i l l  soon be dccmed suitable by the customer. 

case the finn w i l l  preoent t o  the cuotamer an estlmnto of corrts which 

In either 

,refleoCe not jut the firm's own internal estimate but also its integrity. 

Most fime acaurciously underetato the oxpactad aosts of the project in 

their attunpto t o  win project s u p p o r t b  Should suoh e fim mooive the 

aontraat, ite requestis for revisions of the level of austcuner ~lupport 

during tho project w i l l  reflsot not Just the e m o t e d  coat o v a h  (or 

undemvls) but w i l l  also be influenoed by the firm's integrity. For 

example, thb finn will no%, h o d i a t e l y  after receipt of the contract, 



I roquent a maJor contract revision, even though it may realizo that the 

aode  OSB serioualy underneehaled 

CUotanor's Camilrncnt of hnzaer 

Tho awtomer'e cormideration of tho suitabi l i ty  of the proJoct takes 

inbo aocount the cxpeoted cost ond value of the project outcane. The 

\ dmiaiorrrr are based upon figurea anit ophias which reflect a oanb.imtion 

of the C U Q ~ C P ~ O ~ ~ B  mn prior cstimntes and tho elrt;im~-tes prerrented by the 

firm, The a w t m o r R s  confidence 5.n the firm detomines the extent of ! 
influence of the firm's bid. The OU8taner has more projects t o  supporct ~ 

- .  than hie available funde w i l l  permit. In addition, previow custaner 

experience leads him to expect that %he final project cost w i l l  be grea-ter 

than the initial eetimato. For both these reasons the oustmar w i l l  not 

invast in a project until tho expeoted value is much greater than the 

expectcd cost. Tho ,vvolue-cost ra-kio w i l l  influence the custaner's en-thu- 

eiam for tho project, which in turn w i l l  affeat the level of allocations . 
whiah tho cwtcxner establishes and gradually releasee for project we. 

'I 

- 0  

I 
I 

During the project l i f e  the oustaner exerts control preesure on the 

finn by altering tho rate of funding available -- stretch-out or accel- 

eration l a  offeotcd by reduoing or increasing the fun8hg rate. Canaello- 

t ion and crash programo are merely the @xtr@acm, mopactively, of this 

strctch-out and aacelaratian pmaess, 

1 

j 

Finn'o Investment of Fundo 

Before beoaxing able to  g ~ t  custconer aupport of i t8  efforto, the 

f i n  usuall$ has to sponeor acme work to build up its own capabiltbiee 
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and underatanding of the project problems, In making a d e c l a i m  t o  invest 

in  an area of work, the firm eetima%es the lilcellhood of eventual custmer 

support of (I full-eoale project. The fino then txrlee t o  estimate the 

prof ih  it would derive fran such a projeot, end S t  5s w i l l *  t o  invest 

i "  

5 :  

"? 

a fraction of those expected profits. Thia fraction depends on the r isk-  

taking propensity of the firm. Tho firm cilloaatee the funds it is willing 

to invest Over a period of time, thus establishing a desired rate of 

epending and, consistent withtbia,  a desired level of engineering effort. 

Aoquisition of People 

- .  Baecd on its own or the c w t m & e  expected funding, the finn hires 

or reassign6 engineers and supporting mmpower to  bring: actual, mploymcnt 

in line with the debired level. This takes plaae continuowly throughout 
-0  

I tho project, requiring several m o n t h s  nhodever 'kcntiting i n  needed. New 

englnecrs an the prbject require tralning or at  least orientation by the 

mom experienced enginaers on tho job. As the job near8 ampletion (or 

88 funde ara,withdram), ome of the erginoers ore transferred frun the 

project (or, reluctantly, fmn the firm). , 

hccanpliohment of Work Progress 

In making progress on tho job, tho engineers work with the available 

state of tedhnology. The engineering effeotivmesa in ut i l iz ing  the state 

of the art  is influenced in general by the over-all msnagerinl and tech- 

nical abil i ty  of the f im and by the build-up of on-the-job exporience 

during the project life, In addi.tion, of aourse, the progrees rate is 

affeoted by the number of engineers worbing cm the project and their 
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deployment ao tralnces, trainer6 an4 managers, and full.-thtc dngincers 

The size of the oqpniznti-on may alno affect the efficiency of eryinocrlng 

ut i l ieat  ion. 

Bnord on the believed job sizc and the belleved effectiveness of the 

erlgiae~r3, b d b  custcner and f i n  fom estimates and schcclulco of tho rate 

of pingreso, Errors in these estimates gmclually cumulate and produce 

pressures t o  revise the earlier bel iefo.  

influential 88 %he projeot gets t o  i t a  l a te  stages, when physical indica- 

tions of real  p q r e a s  begin t o  show up. 

These premureo becane more 

Trnns1ating the Verbal EY?cdel into Mathematical Form 

Tho foregoing dewriptions provide 8 set of verbal hypotheoes for  

each flom nrithin the research and developmont 8ystm. Thio task 18 more 

dif f icul t  and more important than the mathematical equat ion-writing which 

can follow it. 

3omc of tlie impl5cations of various cuataner and firm policies. 

rnothmatical model, hawever, pemitn t h i o  more rendily and more oxactly. 

Frm tho verbal statementa alone we can traca through 

The 
., , . ,  

. 
To develop the equations, each definitive verbal eontenco must Dc trans- 

lated into malhexnnticnl form. The equations then constitute a proelse 

statement of the relationsh5ps tha t  are believed to control a typical 

roseamh nnd development project. As a demonstra%ion of the method, 

equations which repmacnt the accampliohment of progress a the project 

are developed in the appendix to thl8 article. 

‘“t . / I  
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Results of Model Simulation 

The completed model of research and development can be simulated on 

a digital computer to produce project time histories for the particular 

input conditions and policies provided. 

variable equations and an additional 135 constants and initial conditione. 

These describe the causes of actions by both customer and firm as well as 

the characteristics of the product. 

The model contains about 250 

Calculation of the values of these 

equations at euccessive time intervals produces the life cycle of the 

research and development project being simulated. 

system parameter or policy will produce changes in the project life cycle 

Alteration of any 

which can be detected through use of simulation studies. 

Basic Project,Dynamics 

I' 
We shall now discuss a typical project history as it evolves from 

- 
the computer simulation. 

government R and D undertakings, requiring from 600 to 3000 men-years of 

engineering effort, depending on the state of the art advances which can be 

utilized and on the over-all ability of the firm's management and engi- 

neers. 

The project is similar'to a large number of 

I 

I I 

This effort requirement indicates project costs between 18 

million dollars and 90 million dollars, a range covering such projects 

as a new highly advanced computer system for the Atomic Energy Conmission, 

a radar-control center for airport traffic for the Federal Aviation 

Agenc7,a small jet engine for Navy helicopters, an air-to-ground missile 

for the Air Force, or a satellite comnications system for the National 

Aeronautics and Space Administration. These and the simulated pro- 

je.ct all relate to areas in whi,ch the relevant technology is rapidly ._ 
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advancing, the nacd for the p r v d t w t  is changing ns tlmeo nnd circwnutizncrrn 

ohnwc, nnd bath ths f inns 3ad ci:stonero in-folved havo earlier cxpozimcea 

with each oxkhcr nnd mith at l c a a t  ammlmt slmilnr types of undertakings. 

The antire project history is pictured in FIgure 3, which depicts  

tlic projcct &jfe c s l e  frcm several points of view. The curvcs shmn 

liere are nctunl outputs of the cmputcr sirnulotion. T h e m  reoults hove 

b s m  p;cn?ratcd by the interactions of those policieo of the cuntcsnor and 

firm that were described earller. The graphed data ocm to corrcspnd to 

our general notiom about the  dynamic behavior of research and developcnt 

proj'eots. Far example, the cycle of tho product value phenmcnon i a  

clearly vioible: 

input t o  themodel run, grows, levels off, then f a l l s  gradually to zero; 

the intrinsic product value, which is  .the principal 

in  partial r&qmnse:-to th i s ,  tha perceived current value of the product 

lagn the reax va1us:throughout the l i f e  aycle; the estfmx-tcd future product 

value lags tu8 first3 then rapidly advances, overshooting *the real value 

by a large factor, f i n a l l y  falling back tavard %em. Thia relationship 

betwen the behaviors of the mal and thG believed product val.ue is an 

Jmportmt cllarncteristic of all R mid D prajocts. 

h o t h e m v i t a l  phenosnenon i a  the cliangj.ng curve of ect inated projcc t 

cost. StatWng very high relntive to product worth at that  t h e  (lack of 

' technical fensibili$y implies inr^inlte costn), esthated effort and cost 

on t he  project gradually f a l l  with tho rising technological 8tn-h of the 

a r t .  An expected coeta fal l  and peraeived proiiuct value riseo, %he f im 

hirer; (or aa$ignn) more engineers t o  the project area. Whcn t he  coot c3- 

timate i o  ovfficien-tly lcnv relabiva to anticipated value t o  a t t r n c t  the 

cuvi;mier's support, the project moves in to  a full-scale development progrm. 
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l l i e  rcanlti1)g in~raaae  i n  engincorlng effort tondo t o  stabi l ize  the enrlior 

dcr?l.ino in m t h ~ b c d  cost aa thc? firm begins to  fom a mom rea1isClc irn- 

p r w 3 I O r i  of + ~ I C  real magnitude of the job arid of the effectiveness of the 

wqlne?ra,  Cout c s t h a t e s  gradually rise during tho rmainder of project 

l i f e ,  with final cootrn about 20 percent greater thnn those expoctcd during ' 

the eur?y grcl'rtli phaoe of the propct.  

I 

The wrve of engineering Employment on the project aloo ahma the 

rim and f a l l  i n  the l i f e  cycle. For a long time only a single c?ngi.nesr 

i n  working in t h e  produot area. This effort level I s  80 emdl1 relative 

t o  the la ter  enghcering activity on the  pmjeat that it does not even 

ohm up on the graphed Rlmulation results. Then the engineor5.r-g employ- 

ment curve ehbprs the gradual g m t h  that takes place as the finn invests 

more of i t3  mn fund4 in the  project area. - A 8  the project receives GUS- 

tcrncr supportg the staff Erma oteadily and: ever'more rapidly, tapering 

i n  ito grotvth,ronly as the ,project nears cmplet im.  

the enginwring cum@ shms the period of transfer of engizieers fram the 

proJcct to other areas. 

effort  en %he project talcea into account th8 usual holidays, vacations, 

The last phaoe o f  

The more jagged curve of applied engineering 

and nbscntoebm of cngiiiccrs aeoignod t o  the job. This curve more closely 

rcocmnblca th~,~curve6 ,of engineering effort which &re ocoaoionally pub- 

Tlio laot;lcurve dn Figure 5 shms the  real cumulative percent canplction 

I_ 
I 

'3~or oxt\mij~.e, see the . m ~  nnnnoctiona Lw*:nwr:tnc 'vmnm- 
? I C - - ,  Vol. EW3, No. 1 ( M ~ r c h ,  1961). 
~ c ~ c ~ i i b l c :  tho plots qhich appear on the cover of that issue; oimulntion 
curvcs prodwed uslng &har parmxtcrs or polici~s appear t o  be more 
ohiilar to the data Ghmn an page 5 of the publication. 

The illustrated shulal ion reaulta 

I ,  
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o f  plv&'er;rq C"I the p r o J e ~ t  b ~ k .  

tmaLh;; (if 7,h.t p r 7 , j ~ ~ l  3ffc cycle. 

C C ~ ,  up t o  8 h w t  month 70, the p o i ~ c n t  of project c a y l e t i o n  nppcnro to 

have n zero vrLhm. Only RR -the pmjact activi-tles enter their cnrly gmdth 

phase docs qmject aoccmplishiicnt bczin to appcnr on -the graph. 

2hto i o  nialeading, 

ncedcd for project ccmpletion (-thio is t h c  concept plotted) was elmost 

nonexiotent d t i r 5 q  the ent i re  period of time, Dome very essmtial ac11:Icvo- 

menta had already been occcmplishcd, 

T h b  curve i 8  hn1dl.y V%dbXe for merv 

During t h e  mbrjonic phase of the? pmj- 

In park,,. 

For althoiigh the cnSinesring output relativc to t h a t  

Theoe nchiievcments were organiza- 

t ionnl  or conceptual , i n  nFi%uro: (1) t h e  engineering 

cream3 to form a nucleus for 'the project expansion; 

on the project hnd been firmed up; R A ~  (3)  funds had 

staff had been in- 

(2) cost enthation 

been allocated by 

%ha cuntmer.? These?achievements were a l l  vital. t o  the project, but none 

of -thein can bp dirccsly related t o  t he  oleincnts of cnr@neoring needed to 

f inir;h the p w u c t  development 

place prior to the 1,arga expenditures of effort oP fund8 which characterize 

the 'lfonnal." -beginnSmge of a research and development project. 

conditioning1': phmc of a project l i f e  which precedes the larger-scale 

In a d d i t i o n ,  these achievements all took 

The "pre- 

effort -Is much lonpx i n  - t h e  than t h e  high notivity phase of the project. 

D u t  manvers or management researchers who Ignore the existence of t h i s  
I 

earl.iw piiasc. of a life oycle are forgetting the very sources of 

t ire  project concep% and execution. 

Frm moth  100, tho project engineering tasks are gradually 

the  ea- 

acoan- 

pI.iahrJd, arid t he  percent cmplction rises correspondin@y. About 00 per- 

cent of tho effective work on t h e  project is done in the last year and 

cine l~&Lf oC the project l i f e  (frw about month 105). The work was nctually 

I I  I t 



r:ciiplrJlcd in month 122 and ftotnc oxtrns added whllo the enginecm ~ G r e  

i ~ ~ l n j ; ~  tmnsfc *ed from the project iR 
Prior to  nmth 100, by which t h o  full-scale octlvit ieo were under 

my, only about 3 0  cimilative man-years of enginecrhg effort had been 

-f.nve~tctl out of the 1395 man-yrrai.a u l thntaly  neodod for canplctbn, F m  

that t h e ,  on addltlonal taro yeara were needed t o  finish the projec-t work. 

Vlhrln the jab was finally canplctcd, the oustaner was dioaatioficd, feel* 

t h a t  tho couts had exceeded tho product value and that .the product waa no 

longer pnrtiaularly usefuz, Such is often the c a m  in  military researah 

and dev+?lup;nen% undertrrkings, 

The caripfttor results demonotrate the plausibility of the hypothcoizcd 

mcxlel. With such c1 hlodeL (or with m alternate model, i f  preferred), 

monngors cnnnbegin t~ determine experiplcntW.y $he effecto of changcc? in 

chnrncterist&cs of @e product, custaner, or ffm, or h the policies of 

the  austcmer or f i n ,  Sane results of such simulation experiments with 

Tho Casc of tJie Conearvative Firm 

Too often the $roblano o f  rcseamh and development are blamed on thG 

acrnpl.exitias 'of tho 'hroduct, rapid ohangea ' in tkchnology or in the c m -  

p Q t i t i v e  situntiorr, 'or on faultn in cuotomier p l m i n g  or decision-mnking, 

To be cure, h c h  factors are 83.enificun.f; & detbwin3.n.g the outcmeo of 

R nnd D pro,jkctn, A d  sJmulat5on studies &latad to these aspecto could 
. 

havc been discuemd here. 

ztitionn twtually doing the research and developent work also v i ta l ly  

influonce project success and failure and are more directly controllable 

IIrNrever, the poZioies and practiceo of organi- 



I 
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by 11 rlnrl 11 ~n'illl-~ge-cs. 

ix:tw~en Ti urd I) firma is t h e  rcl.ativo opth im or pesshisu, spcaula%lv0- 

11033 or  c o r i ~ r v s 2 i m i  of the firms. 

not oqly Vinscs i t s  estimtes of future product value, technological 

prq rem,  rind. cn@vxx5ng effectiveneso, but alao importantly influencerr 

tht! ~nloiint of funds the  Pim is wil l ing  t o  r i s k  as a project invcctrnent 

before tho cuntcrmr provides aubstmtial support. 

For example, one oharocteristic t ha t  distinguishtm 

This attitude or policy of the firm 

' 6: 

The firm invo'lvcd In the project pictured in  Figure 5 ~EKI a high 

ylgk-takj ng pmpcnsihy. To illustratc the effleato of conservntim on 

pruject dynnmics, the banic nimulation was rerun, nith the only modifica- 

t ion baing that the modeled f i m  waa conservative instead of opcculat ive . 
The ncw re8u2ts aretshm in Figure 6 .  

t;o ehm up %a the fact that the finnlg c s w a t e  of the future value of 

the proclixt falls far ahort of the more specula%ive eetimate in t h e  F iga rc  

5 project ).ire. 

att.ractivc to the firm with smaller ejcpecwd profits. 

consorvnliva,firm f@ unwilling t o  r h k  muoh of even them expected prof- 

its, waitinq,instru(i  for the  cuotaner to  provide financial support. This 

policy rotaixls the  grav2h of an cqintlcring team for the proJecb, con- 

trlbutca nddbliontll .delay t o  %he cucrbmer's funding, and signif l c m t l y  

sluno projec$ pmgrefis. By month 122, the pmjeot hod been cmpletcd 5.n 

.the eurlior sZniulattsd case; however, by month 122 in the prc?cmt project, 

t h c  cus-tmclf has beuane aufficiently dineatisfied that he has alrrndy 

bcgun cut.l;inl: bnck on funding in anticipation of projact cancellation 

The changes are obvioue. First 

This lessened oxpccted value makes the  project f a r  less 

Furtheirnore, the 

wVl;hj.n thc? nGxb s i x  montho. By month 130 engineering an the job hns cane 

to n h a l t  with only 75 percent of the task completed. 
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act;ira1.3y caused the failure of the job and the 

dollar6 thhnt the custorner had already spent on 

projact cimunwhmci perhaps the coneemt ive 

weate of tha 34 m i l l i o n  

the effort. Under ather 

approach i a  the more ad- 

vionble policy for the firm t o  adopt. The pmor of simulation i e  that 

i t  permits study t o  determine both the l b l y  results of varioua policiee 

and the conditione under which particular polides are preferable. 

h n li n 

The Case of the In%enticmal Lopr Biddcr 

n 3 
A t  t h o o  ccmpany ItoptimitmP1 got8 to such & extreme, particularly 

with reopect’to am-& and effort ea thates  submitttad as part of R and D 

proposalc, that thoq estimates really refldct intentional low bidding. M a n y  

ccmpanieo in% led t& underestimate projeot cos& in their  attempts to get 

awarde of  R &la D chtracts .  Under Cost Plus Fixed Fee (CPFT) contracts, 

b the finn i s  hi penalized for the msultidg ove”mans on project aosts. 

Hawever, 88 bigur€! 

undcrestimation, onoouraged by the CPFF practices, ha8 eignifioant ef- 

feots cm project d$amics, and through these on the f i rm and custcmr too, 

The aimulatdd project l i fe  cycle picturedron thb next page evolved fm 

the basic situ&tian portrnyed in  Fieure 5, the’bnly change being In the 

degree of integrity of the firm, a f f e c t w  tho coat estimates it submits 

t o  tho ouetcmor. $he smaller i n i t i a l  contraot bize induced by the low 

bid oawe8 a rate df engineering effort mbch lmer than what is really 

needed. This letids t o  a considerable stretohdut of the project, with 

illutrtrntes, the find’s pdicy  of intentional cost 

attendant fluctuatfbns i n  the s ize  of thelengineering effort during the 

project. The projgct is finally oompleted at month 145, about two years 

‘ i  
i f 
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af%w tho cm.p7.et€on date of t h e  or3g.inn.t slmulr~fied projeal. Though lcoa 

maxy is t q m t  ba* Lhe cuotancr in t h i n  project (tho olavrer p m t h  i n  nom 

cfflcl.cnt cmd the eq;ineors nlso take ndvm-tqe of some lotor dcvelcqmontn 

Jn the utate of the art),  the custcmer is still far less oatiofied -thm 
h 1 

3.n tho original proJec-i; duo to the naich delayed project cmpletion. 

addltian, tne cuotmer i o  upset by the almost 100 percent growth jn proj- 

In 
E 

eo% costs fran the firm's i n i t i a l  bid to f inal  ocqle.tion. The firm 

nuffere too aa a result or its m n  policy; nut only do  its roputntion md 

rolcctiomhipo with the custamer worsen, but .also the firm's proflto -are 

3 percent lmFr than in the orj.glnal project studied, In m a n y  projects, 

hmever, .tkc.cmpoqp ni%h lm bidding integrity does inarease i ta  profits  

by followingithis policy. 

further sj,.muLa-bicm studies of R and D pol ic ies  in differont canpnny- 

ousSaner-product situations. 

Again, them reiaults highlight the need for 

'4 , 

'ilm Self -Defqating Nature of Government I?ol.iCieo 

I'he two'caoe ehmplee cited in Figures 6 o h  7, when supported by 

othei: more thorough i&.mulaticm studies, highlight sane intemothg con- 

f l i c t o  vrithln goverhent R and D procuranent policies. 

nulta convincingly demonstrate thnt lligh risk-taking propensity QO ;vel1 

a~ a high degree of integrity by the firm very favorably affect the out- 

ca'nea of reecnrch and developncnt projects, i .e . ,  fran the cwtmcr'a 

point of view. Grekter cmpnny willingness t o  amme riek and invest h 

poten-tiol projecto, for oxample, gets jobs finished aooner for those which 

do rcncfi om$lctian, and pushes progress to a further point even for 

prcjccto which are eventually cancelled. 

The computer ro- 

I 

IImevBr, under existing govcrn- 
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i:cnt r3critr:ic.f inlf prac-ticen, nrlithos high r ink-t t lkm nor high fntcgrlty 

are prof-ttnblo t o  the E i m .  Thc cmpany aonuming greater r h k s  almost 

alrnays auffers, a t  lcast in the 3hOrt run; -the cmpany excmiohg greater 

honeoty in bidding reduces i t a  individual project profits 88 often [is it  

gains. Thus t h e  policies fa.tl.ar;ed by the goverrnnsnt seem to influence 

cmponics t o  fidopt praaticea which are counter t o  -the government's bent 

3nLcrenta. 

and D contract8 can, t o  th is  extent, be 1atd Fn the vovornmentts win lap. 

A ehnxed philosophy, motchcd by revioed procurement polic%en, can thus 

benefit both the R and D canpanion OB well a6 tho effectivoncns of i l ia 

noticm'e rcsenrah and developmen-Q program. 

n 

, 

The retq?onsil)il.ity for t h e  rceul-tjng poor perfonnmce of R 

In this aren a rnancqpwnt 

' syatcms laboratory offern p e n t  potential. as a mems of studying the 

design of 5.qroved policies. Even a wroll gain in effectiveness 00 
a 0  

) nchieved would mean .annual cost savings orl pcrfo. nmco improvements in 

the order of hundreas of mlllIons of dollars, 

I 3 

! 
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! 
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hipend I x :  Mathemnt i c o l  Model of Engineering Productivity 

As an ill.uGLration of the  equate ion-writ ing techniques, we dcoc ribo 

here the rqutttima for tho erginccrLng productivity oector of ‘the R and 

1) moc-lc?l.f/’ For case of idontlficatiun these equations use variable nnmm 

corrcqwnd:Jngm clascly to the iieunl Englioh deaoription. 

for the qrtations, p ioturd i n  Figure 8 below, is similar to the tradi- 

%ional dtffercnce equa-tion subscript n d a t i m ,  but is written in a manner 

inaiediatety admioeablo as input to  a digital canputer. 

The t h o  notation 

Most 

Interval 
’ Recent 

(1 .JK 

1 -  
. ~ 

IT’ m 

Next 
I t  erval 

.KL 

ENT FUT 
.t -11 t t+l ’ Traditional Not at ion 
.J .K .L DYNAMO Notation 

Figure 8. Time Natation 

Let UD s t a r t  the model demription with equation which indicates 

the  level of existing project Imm-hovr a8 the accumulation of a l l  previous 

engineering productivity an the project. The equation belav etates that  

tho .total effective effort put into the job up t o  tho preeont th.e, .K, 

equals the  total  cftort at  t he  previous time, .J, plus the change in 

to’cn2 effective offort that has; taken place between time J and time IC, 
I 

’*(‘This oector io  more fu l ly  developed in the author’o diseerlia- 
t ion,  pp. 266-273. 
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until rcdc-tennined at the next point in t h e ,  .L. The equation shows 

ong3.nc.cring prductdvity as the product of the relative enginccr.irq ef- 

f o r t  belng applied and the average technical effectiveness of tha t  e f for t .  
I 

lCLEVF--Knm-hcm Eve1 of the Film (effect 5ve 
mnn-lnonlho of effort) 

IYJ! --Delta The, t he  t h e  :h.f;crvnl between 
soluliono of the ecpialionn (months) 

E M W ? - - E N ~ ~ . ~ ~ ~ X * ~ T I ~  Prodt~ct i v i ty  Rat tf a t  the Firm 
(effective mm-months of effort /mmth) 

EtJFRF. 3iC ind iaa't es the monthly rate of ef f ectiva engheoriw effort; which 

occurred diiring the tinit? interval frm J t o  K. DT is a conatant which 

%he mdel user nuppliea to DyIJII)uF3 to Gpecify the length of. the t h t c  in- 

terval. botwcten cnlculationn of the values of all the modo1 equations. 

The oecand egii8tion which we shal l  write describes the engineering 

prvlductivity m-te, determined a t  the preoont .tima, .K, and p a r d o t i n g  

ENPRF--ENgineePing Prociuctivity Rake at the firm 
(affect j.vo man-months d offort/mont~i) 

RPEWF--Ralotive Productivity of Engineers octuQl1.y 
Working o t  the Firm (effective man-months 
of ef f 01% /monk h 

TEEFI --Technical Effeotivenese af ISngineers at 
tho Finn (percent effectivcrieos) 

: 

, 

Equation 3 rcprescnts t h e  average technical effectiveness of t he  

applied cnginecringmeffo'i-t as the product of three terms: (1) the basic 
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level  of effect Vcnw8 which derivco frcm the availa-le state-of -the-nrt; 

(2) the addLtlorin1 bcricfite t o  prM9irrrIJvltg rcgul.tlag frcxn projcc I oxper- 

ience; and (3)  the rnodifyfng influence that s t m o  from the over-all level 

of que.1it.y of thl? fin's m.nnn[;encnt,anrl engincam. The w e  of this a\urll.- 

T W  --Tccfinical Effccfivenecs of Engineem nt 
tha Finti  (pcrccnt eff ectivrxrmtl) 

ATEF --Available Tcclnologlcal Effectivmess 
a t  tho Film (percent effectivenceo) 

BEPXK-Bencf i c i a l  Eff cc t  on Productivity due to 
Increaocd K ~ o ? ~ - - ~ D J  (percent) 

Q.F --Quality of the Firm (percent) 

scpmatcly lqbclo o cqcep-t of significance in  the system, here t h c  tech- 

nioal effectiveness of %he firm's engineers, Had me wished t o  mokc Equa- 

tion 2 nlightly more complex, the auxiliary equation 3 could have bceil 

e l h l m t e d  by directly aubstituthg into ENPHF. 

In the research and dovelopmen3 modsl, both ATEF and W arc! doflncd 

We ehnll oimilarly wit in occtoro othor than engineering productivity. 

t1ie:l.r j.ncliicion here. The effect of project experience, ho;7evcr, will 

be indicated next. Itiguro 9 depicts the relatiomhip which ve believe 

rcpreoonto t h e  benefits t o  project productivity which, renult f ran earlier 

projeot progrcoo. Tho curve indicates the belief that the  new ~ p e o i € i c  

lmmleclgc devolopcd in solving the R and D project problems can buppleni?nt 

tha gcnei*nl s k i l l s  and undcrotmdings of the engineera, Incrcmciits t o  

engineering effectivencss are shown as being larger 5ni.t;ially t h n  later, 

, 



cjincc? the iilmnikr of cn@m?rinf; probl.ems y e t  unsolved an the project de- 

n 3  .... .A- r LGLU= 3 .  Effect of Pm2nr.L Achievements on Prociuc.tivi.ty 

project accunpliohnients made late in the l i fe  cycle w i l l  f ind BtJll further 

use on thiR project, 

but a t  Q decrcafdrq rate as t he  project achieventents cimul.ato. 

Thuo the  curve of Figur~ 9 continuously incrca3c3, 

This effect may be modeled in the DYNW system by t he  folluwing 

cqua-t ion : 

BZPIK--Bcn-f fciaL Effect on Productivity due to 

TN3LF-n D'!NAI notation which indicates that Q 
Inaranaed how-hov (percent) 

TABU of  constant^ vi11 be provided for  
determining the value of BEPIK as-a func- 
t i on  of PPC 

TnPIK--Table of constante, for  Benefits to Pro- 
cluctfvity due to Increased Knowhcm 
(conatanto have dimension of percent) 

PPC --Percent of Project Canpletcd (percent) 
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t r annfe r r cd  frm the Job, and rzcognima Q different averqc productivity 

for each t ype  of situation. 

RPlWF--Rolative Procluc:.I;J.vity of EnginoerR actually 

FVAW --Pc?rc~n t of Y!orkcrs Actually ot  Work (percent ) 
ENrlF--i?F;gJnc!cra In Trainlslg at  the Firm (mcn) 
PIIIT --PRaluc-kivity of engineers %1 Trtxtning 

(months of effective effort/inmt,hs of work) 
ENAFI!--ENginerm Assigned ao Trainers und supcr- 

visoro a t  t he  Firm (men) 
YRRT --FRorluctj.vitg of eiqineers Asoigncd os 

Trniiiers (months of effective offort/ 

ENBTF--ENgineefo Rr?ing Trnnsf erred by t he  Firm 
(men) 

PREBT--PXcduct iv:tty of Bnghcers Bcing Trnnsf erred 
(mmthn of effect ivc  ef fort/mclnth of work) 

ENF'iiF--ENginaers Fu1l.y Experienced at  t h e  Firm (men) 
NPREF--Noimal PRorluct i v i t y  of Engineor0 at  the Finn 

(month8 of effective er"fort/month of work) 

WorkinC n.t -the Firm (cf'fec4,Ivc mm-months 
of c E f or-&/mml; h ) 

. 

I month of work) 

I 

I All the conntantn indicated i n  the equation (FWAW, FRIT, PRAT, PRi?DT, and 

NFWF) arc defined tiy a set of values pr ior  -to each model simulation. 




